To compare the image quality and stability of apparent diffusion coefficient (ADC) in diffusion-weighted MRI (DWI) of the upper abdomen among the breath-hold (BH), free-breathing (FB) and respiratory-triggered (RT) techniques. Materials and Methods: We analyzed the qualitative and quantitative parameters of 204 consecutive patients who underwent DWI (BH-DWI, FB-DWI or RT-DWI; n=68 in each technique). Qualitative parameters included liver contour, vascular landmarks, intra-slice homogeneity, and inter-slice discontinuity on DWI with a b-factor of 800 s/mm 2 and a four-grade scale. Quantitative parameters included inter-slice or intraslice inhomogeneity of ADC in the spleen. Results: RT-DWI showed better liver contour compared to BH-DWI (p <0.001) or FB-DWI (p = 0.001). As for the quality of the vascular landmarks, BH-DWI was inferior to FB-DWI (p = 0.025) and RT-DWI (p < 0.001). FB-DWI had the poorest result (p <0.001) for inter-slice discontinuity compared to the other techniques. FB-DWI showed significantly larger inter-slice differences between the highest and the lowest ADCs in the spleen compared with those of RT-DWI (p < 0.001). Intra-slice homogeneity was significantly better in RT-DWI and FB-DWI than in BH-DWI (p < 0.001). Conclusion: Compared with BH or FB techniques, RT-DWI appears to result in the best imaging by providing better anatomic detail without skipping continuous slices, in addition to more homogeneous ADCs.
In the magnetic resonance imaging (MRI) of the upper abdomen, especially for the liver, diffusion-weighted MRI (DWI) has been reported to be useful for the detection and characterization of focal lesions (1) (2) (3) . While conventional unenhanced MRI depends on tissue-specific T1 and T2 relaxation times and dynamic MRI depends on arterial hypervascularity, DWI achieves tissue contrast based on tissue differences in the Brownian motion of intra-and extracellular water molecules (4) . Generally, DWI forms images using T2-weighted spinecho echo-planar imaging (EPI) sequences with two or more different diffusion gradients designated as "b-factors" before and after the 180。refocusing pulses (5) . The apparent diffusion coefficient (ADC) of the target tissue can be calculated by eliminating background T2 effects in order to better characterize a disease process. Various methods have been proposed to achieve high-quality DWI by optimizing the signal-to-noise ratio (SNR) in limited scanning time, thereby reducing the susceptibility artifact of EPI and reducing artifact from inevitable physiologic motion. For clinical imaging of the upper abdomen, three different techniques have been proposed for daily practice: the breath-hold (BH), free-breathing (FB), and respiratory-triggered (RT) (6) . Although these techniques are widely used in obtaining DWI, there are limited comparative studies dealing with the ADC reproducibility or the image quality (7, 8) . Aside from the reproducibility between the different DWI sessions, the stability, defined as the degree of intra-and inter-slice variability in the same imaging session, would be also important to grant a reliability for the measured values of ADC; however, there has been no such study dealing with the comparative stability among the different data acquisition techniques of DWI. In the present study, we compared the image quality and ADC stability in the DWI of the upper abdomen among the three different methods of data acquisition.
Materials and Methods

Patients
Approval for this retrospective study was obtained from our institutional review board, which waived the requirement of informed consent. We retrospectively analyzed a total of 204 consecutive patients (135 men and 69 women aged between 16 and 86 years [mean, 59.6 years]), examined by hepatic MRI using one of the three approaches (BH, FB, or RT); DWI during BH (BH-DWI) was performed between March and May 2007 in 68 patients, DWI during FB (FB-DWI) was performed between August and October 2007, in 68 different patients, and DWI during RT (RT-DWI) was performed between February and April 2008 on a third set of 68 patients. Among the three groups of patients, there were no remarkable differences for the number of cirrhotic and non-cirrhotic patients (Table 1) .
MRI Techniques
The MRI was performed using a 1.5 Tesla (T) system (Magnetom Avanto; Siemens, Erlangen, Germany) equipped with high-performance gradients (maximum amplitude 45 mT/m) and a six-element phased-array surface coil. Patients were placed in the supine position, with anterior and posterior phased-array coils centered over the liver. After obtaining localizer images in the supine position, spectrally fat-suppressed breath-hold T2-weighted turbo spin echo (TSE) images (repetition time DWI was performed before dynamic imaging using a single-shot spin-echo EPI sequence that combined the two diffusion (motion-probing) gradients before and after the 180�pulse along the three directions of sectionselect, phase-encoding, and frequency-encoding. Data acquisition with an EPI read-out was obtained by applying three different b-factors of 50, 400, and 800 s/mm 2 . Common parameters for DWI sequences are as follows: A generalized auto-calibrating partially parallel acquisition (GRAPPA) algorithm of parallel imaging with a twofold acceleration factor was added to reduce acquisition time, and spectral fat saturation was used systematically to suppress chemical-shift artifacts. Technical parameters of BH-DWI were as follows ( Table 2) : TR 1000 ms, TE 69 ms, matrix 128×192, FOV 308-379 mm, slices 27 (9 slices for each b factor), thickness 6 mm, inter-slice gap 1.8 mm, number of excitations = 2, bandwidth 1735 Hz/pixel, acquisition time 24s. The sequence was obtained within a single breath-holding period for the upper half of the liver and another single breathholding period for the lower half of the liver; a total of 18 slices were acquired for a given liver for each b-factor. ADC maps of the isotropic images were automatically acquired. Sequence parameters examining the difference between FB-DWI and BH-DWI were as follows ( Table 2) (Table 2 ). All scans were sent to the picture archiving and communication system (PACS) for interpretation on PACS workstations.
Image Analysis
MR images were reviewed retrospectively by consensus of three attending radiologists who had 6, 13 and 15 years of experience in abdominal MRI. Each imaging set of diffusion images using b=800 s/mm 2 from the three different DWI techniques was qualitatively evaluated using a 4-grade scale for (a) delineation of the left liver contour (1, poor; 2, fair; 3,good; 4, excellent), (b) sharpness of the intrahepatic vessels of right hemiliver (1, severe blurring; 2, moderate blurring; 3, minimal blurring; 4, good visualization of the peripheral branch), (c) inhomogeneity of signal intensity across the field of view (1, severe; 2, moderate; 3, mild; 4, no or minor), and (d) inter-slice discontinuity (1, severe; 2, moderate; 3, mild; 4, no or minor). We calculated the average among the three radiologists.
Quantitative comparison of the three techniques was performed by analyzing the ADC values of the spleen, which was empirically selected in this study due to the measurable organ size, less vulnerability to the cardiac or respiratory motion, and internal homogeneity without large intervening vasculature. ADC values of the spleen were calculated from the ADC maps with use of all b factors of 50, 400 and 800 s/mm 2 in each patient using operator-defined region-of-interest (ROI) measurements performed by a fourth-year radiology resident. ROIs were located in the central portion of the spleen, which was free from large vessels and any artifacts or focal changes approximately 75 mm 2 in size for every slice. Among the measured mean ADCs of all the different slices, inter-slice inhomogeneity was determined as Note.─ DWI = diffusion-weighted MR imaging, BH = breathhold, FB = free-breathing, RT = respiratory-triggered the difference between the highest and the lowest ADC values in each patient. For evaluation of intra-slice inhomogeneity, the axial slice of the ADC map showing the maximum diameter of the spleen was chosen to draw the ROI over the largest area possible. Intra-slice image noise was quantified as the standard deviation of the signal intensity measured in the ADC map of the spleen.
Statistical Analysis
For statistical analysis of all quality scores, the Kruskal-Wallis test was used to compare multiple nonparametric data sets for the three different techniques. The Mann-Whitney test was also used for each comparison between two techniques in three combinations among the three techniques. ADC values of the spleen for inter-slice and intra-slice inhomogeneity were compared using a one-way ANOVA test for the three differ- /s with breath-hold, free-breathing, and respiratory-triggered methods in three different patients. A-C. Vascular landmarks are poorer on breath-hold image (A) due to the lower signal-to-noise ratio compared to the freebreathing (B) or respiratory-triggered images (C). Respiratorytriggered imaging (C) shows better overall image quality in the liver contour, especially for the left lobe, when compared to the other images. 
Results
There were significant differences in image quality including liver contour, vascular landmarks, and interslice discontinuity (p < 0.001), while there was no statistically significant difference in intra-slice inhomogeneity (p = 0.166) among the three techniques (Figs. 1, 2) ( Table 3) . Comparison between two techniques showed that RT-DWI resulted in a clearer liver contour compared to BH-DWI (p < 0.001) and FB-DWI (p = 0.001). The mean quality score of the liver contour in BH-DWI was comparable to the FB-DWI score (p = 0.684). The mean quality score of vascular landmarks was lower in BH-DWI than in FB-DWI (p = 0.025) or RT-DWI (p < 0.001), while there was no significant difference between scores for FB-DWI and RT-DWI (p = 0.077). FB-DWI had the lowest quality score for continuity between slices (p < 0.001), while BH-DWI and RT-DWI showed similar scores (p = 0.748) (Fig. 2) (Table 3) .
Inter-and intra-slice differences in ADCs measured on the map were significantly different (p < 0.001) between the three techniques. There was no significant mean inter-slice difference between the ADCs of BH-DWI (0.420 ± 0.221×10 /s) (p = 0.058). However, FB-DWI showed a significantly greater inter-slice difference between the highest and lowest ADCs compared to RT-DWI (p < 0.001) (Fig. 3) . The mean standard deviations representing intra-slice homogeneity were smaller in RT-DWI (0.040×10 (Fig. 4) .
Discussion
DWI is a non-enhanced technique that does not require administration of intravenous contrast agent and provides unique tissue contrast that reflects cellularity, the integrity of cellular membranes, and the viscosity of extracellular fluid (9, 10) . However, due to DWI's sensitivity to the microscopic motion of water molecules, abdominal imaging is easily affected by the physiologic motion such as respiration, bowel peristalsis, cardiac pulsation, and blood flow (11) . To minimize the adverse A-E. From (A) to (E), the axial image slices are markedly discontinuous, passing around the liver dome to right hepatic vein level. The signal intensities of the hepatic parenchyma are not homogeneous between the slices due to a serious misregistration effect during the free-breathing. Fig. 3 . Box-plots of mean inter-slice differences of apparent diffusion coefficients (ADCs) measured in the spleen on the three diffusion-weighted images of the breath-hold (BH), freebreathing (FB) and respiratory-triggered (RT) techniques. The decimal numbers on the y-axis are inter-slice differences of ADCs (×10 -3 mm effects of inherent susceptibility artifact and limited signal-to-noise ratio in the EPI sequence and motion-related image degradation, several methods have been introduced for DWI of the liver including BH-, FB-, and RT-DWI (6). The short imaging time required in BH-DWI aims to eliminate respiratory motion, although it also minimizes the number of excitations and thus limits the signal-to-noise ratio (SNR) (12) . FB-DWI was originally designed for whole-body DWI with the advantage of a large number of excitations to enhance the SNR and obtain thinner section imaging (13) . Furthermore, the long image acquisition time of RT-DWI can reduce marginal blurring by minimizing the physiologic motion and high SNR (6, 7, 14, 15) . All three methods have been used in clinical practice for DWI of the upper abdomen; however, the relative value of each technique's ADC has rarely been addressed in the scientific literature (7, 8) . In the present study, we aimed to compare the technical feasibility of the three methods of DWI acquisition by qualitative and quantitative analysis.
As noted in previous reports (6, 12) , no single DWI technique satisfies all qualitative or quantitative criteria. Therefore, selection of a DWI technique depends upon its clinical indication and institutional protocol. Nevertheless, our study found significant differences between qualitative and quantitative values of the three different techniques. The key advantages of BH-DWI, which requires a 6 mm or thicker slice to maintain image quality, include short imaging time (8, 12) . In our study, even with a slice thickness of 6 mm, BH-DWI had a lower quality of liver contour than RT-DWI in addition to a lower quality of vascular landmarks (b=800 s/mm 2 ). Although we did not separately analyze the quality scores for the right and left hemilivers, the pulsatile movement of the heart is well-known for degrading the image of the left hemiliver on DWI with large bfactors (6), which might have influenced the poor overall quality scores of BH-DWI in our study. The poorest overall intra-slice homogeneity of BH-DWI, quantified by the standard deviation on the ADC maps, may also be due to the inherently poor SNR in the present study.
Taking advantage of numerous excitations within a limited imaging time, FB-DWI inherently guarantees a high SNR, enabling thin section imaging with use of multiple b-factors for more accurate ADC calculation (6, 8, 12, 13) . However, our qualitative and quantitative analysis showed the inter-slice variability of FB-DWI to be too large to expect a full set of images covering the entire anatomic structure in the imaging fields. This unexpected skip of imaging slices may be due to the inability to fix the exact location of individual slices during breathing in this kind of image acquisition. This drawback seems to be fatal for the assessment of small focal lesions in upper abdominal imaging (15) . The acquisition time of single-shot EPI, which was used for DWI in the present study, is very short. Although an individual image made of one excitation is free of motion effects, more time is necessary for multiple excitations of the same slice to improve SNR of FB-DWI (12) . In this situation, signal misregistration would be inevitable, even in the same image slice, which resulted in the blurring of anatomic details and low quality scores of FB-DWI in the present study. Consequently, the ADC may be less accurate and less reproducible in FB-DWI (6) . At the expense of prolonged examination time, RT-DWI provides sharper anatomic detail (6, 8) . In the present study, all RT-DWI quality scores, which were relatively free from respiration-related marginal blurring with a high SNR from multiple excitations, were comparable or superior to other techniques. Even though Kwee et al. (8) reported ADCs of the hepatic parenchyma to be more scattered in RT-DWI than other techniques, we found the inter-slice difference and interslice inhomogeneity of ADCs of the spleen in RT-DWI to be significantly smaller than those in FB-DWI and BH-DWI, respectively. Regarding the ADC measurement in RT-DWI, a pseudo-anisotrophy phenomenon originated in localized hepatic movements during signal acquisition, given that extension, contraction, and rotation are known to accelerate molecular motion (16) . A healthy liver is elastic and easily distorted by slight external forces such as respiratory movement, and such movements during RT-DWI in particular, have been shown produce higher ADCs (16, 17) . However, in the present study, the absolute ADCs were not compared between techniques. We also acknowledge that there may be a difference in the elasticity between the liver and spleen, which we used in this study to measure ADC. Our findings of better inter-slice and intra-slice homogeneity of ADCs suggests better reproducibility of the ADC measurement in RT-DWI than in the other techniques, regardless of ADC size.
This study had several limitations. First, the three different techniques were not simultaneously performed or compared in the same patient due to the nature of this retrospective study. However, we contend that the number of patients was large enough to validate the statistical analysis. Second, the spleen was empirically selected for the ADC measurement instead of the liver, which is more often the subject of clinical imaging investigations. We selected the spleen to avoid a partial volume averaging effect by the large hepatic vasculature, as well as to prevent image degradation by cardiac pulsation in the left hemiliver. Although the possible difference in elasticity between the spleen and the liver may have influenced the ADC measurement, splenomegaly caused by liver cirrhosis and portal hypertension would not affect the ADC of the spleen (18) . The absolute value of ADC was out of focus in our study. Additionally, the number of cirrhotic and non-cirrhotic livers was not so different among the three groups of different DWI technique in our study. Although the ADCs of the intra-abdominal organs would be quite variable, even in novel contemporary units (17), we used the spleen as it was the organ showing the most homogeneous signal intensity in the upper abdomen (19) for the comparative analysis of the relative inter-slice stability and intra-slice homogeneity among the three different techniques. Third, it may be unfair to compare techniques which used different parameters, especially considering the number of excitations and scan time. For example, if the scan time were fixed in a short time, the SNR of RT-DWI would be worse than BH-or FB-DWI (6). However, our study used individually optimized parameters for each technique. Lastly, the results of our study are limited to a 1.5T machine, or even to our specific MRI scanner. High-field units would increase SNR and susceptibility effects, invalidating these results. For example, inherently higher SNR of the 3T machine would provide better image quality, even in the BH-DWI (6). To reduce the adverse effect of increased susceptibility for the local magnetic field inhomogeneity in the high field machine, other technical trials of multi-shot EPI or propeller-EPI have been applied for DWI of upper abdomen (20, 21) , which are beyond the focus of our study.
In conclusion, compared to the BH or FB techniques, RT-DWI may provide the best overall image quality, including better anatomic detail, more homogeneous data acquisition for ADCs, and without unexpected skips of continuous slices. Although the imaging time of RT-DWI is far longer than the other techniques, RT-DWI seems valuable enough to be applied for DWI of the upper abdomen.
